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ABSTRACT
The scale-dependent variance of tracer properties in the ocean bears the imprint of the oceanic eddy field.
Anomalies in spice (which combines anomalies in temperature T and salinity S on isopycnal surfaces) act as
passive tracers beneath the surface mixed layer (ML). We present an analysis of spice distributions along
isopycnals in the upper 200m of the ocean, calculated with over 9000 vertical profiles of T and S measured
along;4800 km of ship tracks in the Bay of Bengal. The data are from three separate research cruises—in the
winter monsoon season of 2013 and in the late and early summer monsoon seasons of 2015 and 2018. We
present a spectral analysis of horizontal tracer variance statistics on scales ranging from the submesoscale
(;1 km) to themesoscale (;100 km). Isopycnal layers that are closer to theML-base exhibit redder spectra of
tracer variance at scales&10 km than is predicted by theories of quasigeostrophic turbulence or frontogenesis.
Two plausible explanations are postulated. The first is that stirring by submesoscale motions and shear dis-
persion by near-inertial waves enhance effective horizontal mixing and deplete tracer variance at horizontal
scales &10 km in this region. The second is that the spice anomalies are coherent with dynamical properties
such as potential vorticity, and not interpretable as passively stirred.
1. Introduction
The stirring and mixing of properties by the oceanic
flow field is of longstanding interest for understanding
the dispersal and distribution of substances such as heat,
salt, dissolved gases, nutrients, phytoplankton, and
pollutants. Conversely, the patterns of chemical and
physical tracer distributions in the ocean can be used to
interpret the dynamical characteristics of the flow.
Within the vast range of spatial scales on which ocean
currents and eddying motions act to stir properties, the
submesoscale, and related dynamics, remain difficult to
observe.
Submesoscale processes manifest at spatial scales
O(1–10) km, have time scales comparable to near-
inertial waves, and play a key role in the vertical trans-
port of properties, such as nutrients and buoyancy (Lévy
et al. 2012; Thomas et al. 2008). They also facilitate the
downscale cascade of energy through the loss of balance
ofmesoscale flows (Capet et al. 2008), thereby connecting
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the largerO(100) kmmesoscale with the smaller (,10m)
dissipative scales. Observations of thermohaline com-
pensation (Rudnick and Martin 2002), vorticity and di-
vergence (Shcherbina et al. 2015), and the dispersion of
drifters at fronts (D’Asaro et al. 2018; Essink et al. 2019),
have shown the key role of submesoscale dynamics in
controlling horizontal stirring and mixing within the sur-
facemixed layer (ML). But, below the surfacemixed layer,
in what is classically considered the interior domain of
isopycnal stirring, the role of submesoscale dynamics and
forward energy cascades remains unclear (McWilliams
2016). Here, the effect of a downscale kinetic energy
transfer on tracer variance, though seen in models of the
submesoscale dynamical regime (Badin et al. 2011), has
not been observed in the ocean.
Measurements of submesoscale dynamics have been
stymied by the difficulty of synoptically observing a
three-dimensional flow field in an area that is tens of
kilometers wide, while resolving features that are a ki-
lometer or subkilometer in extent and evolving on time
scales of O(1) day. Additionally, the kinetic and po-
tential energy of such flows is dominated by internal
gravity waves that mask the signal of vortical sub-
mesoscale dynamics (Callies and Ferrari 2013). Vortical
motions are associated with anomalies in Ertel potential
vorticity and evolve on time scales that range from
subinertial to inertial. While recent studies have made
progress in observing their submesoscale signatures
(Thompson et al. 2016), challenges remain in directly
measuring the submesoscale flow fields, which are re-
sponsible for stirring tracers. Oceanographers have instead
examined the variability of tracer fields on isopycnal sur-
faces to infer the underlying dynamics (Kunze et al. 2015;
Klymak et al. 2015).
We present a new look at along-isopycnal tracer var-
iability on scales ranging from 1 to 100km, from a syn-
thesis of data collected during three research cruises
in the Bay of Bengal (BoB). This large basin in the
northern Indian Ocean has the following characteristics:
(i) it is strongly stratified in the upper 50m by freshwater
inputs; (ii) it contains distinct water masses, and hence,
large-scale gradients of spice, a passive tracer; (iii) it
hosts energetic eddies; and (iv) it is forced by both
consistent winds and impulsive storms. It is thus a prime
location for studying the dynamics of the upper ocean,
both within the highly stratified pycnocline layers at the
base of the mixed layer, and within the weaker pycno-
cline beneath.
Our analysis of these new observations of water mass
distributions in the BoB reveals statistics inconsistent
with existing descriptions of tracer stirring in the strati-
fied ocean. The observed tracer gradient distributions
within the shallow stratified pycnocline do not support
quasigeostrophic or ageostrophic theories of homoge-
neous turbulence. The relative paucity of tracer variance
below 10-km scales compared to larger scales in our
observations cannot be easily explained. We speculate
that, most likely, submesoscale motions play a more
important role than was previously envisaged in stirring
tracer and dissipating its variance in the ocean’s near-
surface interior, as has also been suggested by other
studies recently (Yu et al. 2019; Siegelman et al. 2020).
In an accompanying study (Jaeger et al. 2019), we
analyzed layered features in spice anomaly (water mass
contrast) in the BoB and explained their formation by
submesoscale processes. Here, we present the statistics
of scale-dependent spice variance along isopycnal sur-
faces, which to a large extent, omits the effect of internal
waves and is therefore viewed as a signature of along-
isopycnal stirring. The relation between the layered in-
trusions of spice and along-isopycnal variance is discussed
in Jaeger (2019).
In what follows, we begin by reviewing theories of
ocean stirring (section 2). We then describe our new
observations, with some details about the instruments
andmeasurements in section 3. Our methods for parsing
through the ship sections and constructing spectra of
along-isopycnal tracer variance are described in section 4,
and our statistical results are presented in section 5.
To provide context to our findings we compare the
spectra calculated in the BoB to those from the Pacific
andAtlantic Oceans (section 6), and provide potential
explanations for the differences. We provide brief
conclusions in section 7. Supplemental figures are
included.
2. Oceanic variance spectra
Tracer gradients exist across a wide range of spatial
scales in the ocean, from thousands of kilometers down
to millimeters, and are connected by a downscale vari-
ance cascade (Smith and Ferrari 2009). Gradients are
stirred, strained, and sharpened by motions ranging
from the ocean gyres, eddies, and internal waves, to
small enough scales where three-dimensional turbu-
lence and molecular diffusion ultimately mix properties
(Shcherbina et al. 2015). The large-scale currents, with
scales O(10) km or more, are described by balanced
subinertial quasigeostrophic (QG) dynamics, which ex-
hibits an upscale transfer of energy. At the smallest
scales ofO(10)m in the ocean interior, shear instabilities
and breaking internal waves produce isotropic turbu-
lence that effectively mixes tracers and erases tracer
gradients and variance (MacKinnon et al. 2013). In be-
tween these scales, in the regime of submesoscale dy-
namics, wave dynamics, frontal instabilities, and vorticity
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containing modes are relevant (Polzin and Ferrari 2004;
McWilliams 2016).
The typical scales of the motions stirring the ocean
determine the distribution of the typical scales of tracer
variance. The statistical distribution of tracer variance
across these scales can be quantified by a spectral power
decomposition P k as a function of horizontal wave-
number k, providing a check on theories that attempt to
describe the fluid dynamics, and away to test the relative
importance of QG and submesoscale dynamics in stir-
ring the ocean. Unlike theoretical studies, observational
studies often plot tracer variance spectra as gradient
spectra G k (multiplying P k by 4p2k2), either because
gradients are the directly measured quantity, or to be
able to visually distinguish between variance spectral
slopes more easily. We follow this convention, but in the
text, we refer to variance spectra as power lawsP k ; km,
and append the whitened gradient spectra power law
ðG k ; km12Þ in parentheses to avoid misinterpretation.
Statistics of tracer patterns relate to statistics of the
motions that create those patterns. The following de-
scriptions (schematically shown in Fig. 1) are set in the
framework of two-dimensional, homogeneous, station-
ary macroturbulence. Making the simplifying assump-
tion for the existence of a turbulent inertial range
between the forcing scale (e.g., the baroclinic Rossby
radius of deformation) and the turbulent dissipation
scale, the power spectrum for kinetic energy Ek obeys
several different power laws. The tracer’s variance
spectrum P k is related to the kinetic energy spectrum
Ek. We offer a brief summary of the tracer variance
distributions predicted by different theories of ocean
dynamics.
If Ek ; k
2n, then in geostrophic turbulence theory,
P k ; k(n25)/2 for n , 3 (Callies and Ferrari 2013). QG
theory for the ocean’s interior predicts a kinetic energy
spectrum Ek ; k
23 following a power law with n 5 3,
and a tracer spectrumP k ; k21 (G k ; k11). If n. 3, the
kinetic energy spectrum falls off more rapidly, large-
scale motions dominate, and the nonlocal stirring leads
to a Batchelor spectrum, P k ; k21 (Batchelor 1959),
equivalent to the interiorQG tracer spectrum. Compared
to interior QG dynamics, other dynamical theories,
summarized below, predict relatively more kinetic
energy at smaller scales. Dynamics that are relatively
more energetic at smaller scales stir and eventually mix
tracer more efficiently. They lead to relatively less
tracer variance at smaller scales as compared to QG
dynamics, resulting in the steepening of tracer variance
spectra at smaller scales (Callies and Ferrari 2013).
This effect is restricted to the near-surface according
to surface-QG (SQG) theory, which predicts steeper
tracer spectra of k25/3 (gradient spectra k11/3) near the
surface. But, being an extension of interior QG dy-
namics, the interior-QG spectrum still holds at greater
depth, as the surface-enhanced small-scale motions are
attenuated with depth (Lapeyre and Klein 2006). On the
other hand, stratified turbulence theory also predicts the
tracer variance spectrum to be steeper in the ocean’s
interior following an Obukhov–Corrsin spectrum with
k25/3 (gradient spectra k11/3) (Brethouwer and Lindborg
2008). This is ascribed to stirring by turbulent patches
with long-and-thin aspect ratios that form, for example,
‘‘blinis’’ or ‘‘pancakes’’ from the geostrophic adjustment
of water patches mixed by breaking near-inertial waves
(Sundermeyer et al. 2005). Last, frontogenesis and
ageostrophic dynamics sharpen gradients into fronts
more quickly; a series of sharp fronts yields a tracer
variance spectrum with a k22 decay, and a flat (k0)
gradient spectrum (Klein et al. 1998).
Even though precise predictions of spectral slopes
emerge from the different dynamical theories, their ro-
bustness and relevance to actual ocean states is not
FIG. 1. Schematic of passive tracer spectral distributions P (k),
whitened (multiplied by 4p2k2) for clarity of presentation, and
shown on log–log axes. Predictions of spectral shapes of a tracer
stirred by two-dimensional homogeneous turbulence, according to
several theories: interior QG (solid), surface QG (dashed), strati-
fied ‘‘pancake’’ turbulence (dashed), and frontogenesis (dash dot-
ted). These predictions assume tracer variance in the ocean is
introduced at the large scale (wavenumber ktracer), cascades to
smaller scales by the two-dimensional macroturbulence, and is
destroyed by three-dimensional isotropic turbulent mixing. Energy
is assumed to be injected at an intermediate scale (kenergy) and
cascades to larger scales in QG theory, producing a break in the
predicted slope between the inverse energy cascade regime [where
the kinetic energy spectrum E (k) ; k25/3, not shown], and the
forward enstrophy cascade regime [where E (k) ; k23]. While
energy falls off rapidly in the viscous inertial regime (wavenumber
larger than kn), passive tracer variance does not fall off until the
diffusive regime (wavenumber larger than kk).
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certain. Theoretical tracer variance distributions are
based on assumptions of an inertial range and statistical
homogeneity of the flow field, yet it is not clear whether
such idealized cascades exist, or whether they are dis-
turbed by flow inhomogeneities such as coherent struc-
tures or persistent anisotropic currents, and energy
inputs by instabilities across the submesoscale, topo-
graphic influence, bottom friction, or atmospheric forc-
ing. Nonetheless, existing observational spectral studies
(reviewed in the discussion) make frequent comparisons
with the idealized theories, and observational spectra
offer insights independent of testing predictions.
3. Observations in the Bay of Bengal
Our study uses hydrographic measurements to cal-
culate statistics of tracer variance, analyzing the distri-
bution of water mass anomalies. As part of two research
programs supported by the U.S. Office of Naval
Research, the Air Sea Interaction Research Initiative
(ASIRI) and the ongoing Monsoon Intra-Seasonal
Oscillations in the Bay of Bengal (MISO-BOB), the
R/VRoger Revelle and the R/V Thomas G. Thompson
completed multiple hydrographic surveys of the Bay
of Bengal between 2013 and 2018. Vertical profiles of
temperature T and salinity S were measured to depths
of at least 200m during the ship surveys. Two of the
surveys made transects (.100 km) with closely spaced
(#300m) vertical profiles, while one survey com-
pleted longer transects (.500 km) that were sampled
more coarsely (#5-km spacing between vertical pro-
files), yielding a total of over 9000 profiles of T and S.
a. Environment
The Bay of Bengal’s unique hydrographic conditions
are linked to the monsoonal circulation over the
northern Indian Ocean, characterized by seasonally
reversing winds and intense rainfall during the sum-
mer season. Both rainfall and river runoff contribute
freshwater in excess of annual evaporation from the
bay, lowering the surface salinity year-round (Fig. 2a),
with the lowest values observed a couple of months
after the wet season, when river runoff reaches a
maximum (Sengupta et al. 2006). During subsequent
winter months when surface cooling would be ex-
pected to lower the surface buoyancy enough to
deepen the surface mixed layer, the low salinity of the
surface mixed layer inhibits convective mixing and
FIG. 2. Freshwater inputs lower the Bay of Bengal’s surface salinity and strongly stratify the upper ocean, in-
sulating a pronounced oxygenminimum zone (OMZ) below about 75-m depth. (a) Average surface salinity in 2017,
measured by NASA’s Soil Moisture Active Passive (SMAP) mission (Meissner et al. 2018). Contoured is clima-
tological annualmixed layer density, fromMIMOC (Schmidtko et al. 2013). (b) Climatological oxygen saturation at
1023 kgm23 density (s 5 23) fromWorld Ocean Circulation Experiment (WOCE). Contoured is the depth of the
1023 kgm23 surface. At a mean depth of about 75m in the Bay of Bengal, this density surface does not regularly
outcrop in the bay. Lowbiological productivity compared to otherOMZ regions suggests that the subsurfacewaters
in the Bay of Bengal have long residence times with little ventilation.
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preserves the stratification (Jaeger and Mahadevan
2018), maintaining a deep chlorophyll maximum and
strong vertical gradient in biogeochemical properties
(Lucas et al. 2016; Shroyer et al. 2019). The salinity-
stratification limits the depth of wind-forced mixing
throughout the year, isolating the subsurface layers of
the Bay of Bengal from direct ventilation (Jinadasa
et al. 2016). Seasonal wind-driven upwelling is ob-
served only along the western boundary (Indian coast)
during the southwest monsoon (Shetye et al. 1991).
Evidence of this persistent insulation is seen in the
pronounced oxygen minimum zone below the surface
(Fig. 2b), which exists even though the Bay of Bengal’s
surface primary production is not elevated compared to
other tropical oceans (Fig. S1 in the online supplemental
material). Shown in the same figure, oxygen saturation
on a particular density surface (1023 kgm23) shows a
marked along-isopycnal contrast between the Bay of
Bengal and the equatorial Indian Ocean to the south,
indicating a relative lack of exchange between the basins
and a long residence time of water in the interior of
the BoB.
While ventilation of the interior via direct vertical
exchange (wind-driven mixing, upwelling, or buoyancy-
loss driven convection) is weak (Prasanna Kumar et al.
2002), recent observational studies show subsurface
eddies (Prasanna Kumar et al. 2004) advected from the
Andaman Sea (Sarma and Udaya Bhaskar 2018; Gordon
et al. 2017) to be a source of ventilation for the interior
Bay of Bengal. Strong internal tides, internal waves, and
subsurface mixing are observed over the shallow to-
pography of the Andaman–Nicobar Submarine Ridge
separating the Andaman Sea from the Bay of Bengal
(Yi-Neng et al. 2012). The mixing in this region creates
a fresher and colder water mass in contrast to the wa-
ters in the interior BoB (Fig. 3).
In addition to enhanced vertical salinity gradients
above the thermocline, freshwater forcing also creates
horizontal gradients in salinity, filling the BoB with both
dynamic fronts in density, and passive (along isopycnal)
contrasts between different water masses in the pycno-
cline (Gordon et al. 2016). Climatological subsur-
face isopycnal salinity fields are shown on an isopycnal
FIG. 3. The three research expeditions’ tracks and the mesoscale
currents at the time, along with climatological spice patterns.
(a) 6–18 Jun 2018, (b) 24Aug–20 Sep 2015, (c) 29Nov–11Dec 2013.
Background colors show the climatological salinity on the s 5 23
surface for each respective month(s) from MIMOC. The colored
 
dots show the ship-observed salinity at the same density, for all
sections longer than 100 km. The black arrows show surface
AVISO currents for a particular time period during each cruise.
The basin-scale spice gradient is between salty warm water from
the Arabian Sea and relatively fresh cold water, in the Andaman
Sea. The western side of the Bay of Bengal hosts energetic meso-
scale eddies of O(100) km scale, as well as seasonally reversing
boundary currents.
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surface for 3 different annual periods during which
in situ observations were taken (Fig. 3). The three ex-
peditions took place in three different seasons: south-
westerly winds and rain during the early summer and
late summer monsoon marked the cruises from 6 to
18 June 2018, and from 24August to 19 September 2015,
while dry northeasterly winds of the winter monsoon
(and one cyclone) prevailed during the first cruise from
29 November to 11 December 2013.
The subsurface salinity fields fromMIMOC (Monthly
Isopycnal andMixed-LayerOceanClimatology; Schmidtko
et al. 2013), which is based primarily on Argo profiles,
reveal the presence of both a salty (and relatively warm)
water mass infiltrating from the Arabian Sea, and a fresh
(and relatively cold) water mass leaking in from the
Andaman Sea through channels in between the chain of
Andaman and Nicobar Islands. The monthly climato-
logical fields on the 1023kgm23 (s 5 23) density surface
exhibit persistent gradients between these end-member
water masses. Compared to climatological salinity gra-
dients, synoptic gradients are expected to contain higher
variability at mesoscales. Indeed the expeditions sampled
substantially fresher and saltier water and sharper
gradients than the climatology in the interior of the
bay. Mesoscale surface currents during the in situ ob-
servational period (based on AVISO sea surface topog-
raphy) are dominated by eddies that are O(100) km in
horizontal extent.
Climatological fields of subsurface salinity anomalies
on isopycnal surfaces (compensated by temperature)
display both an east–west gradient within the bay, and a
north–south gradient in the southern bay (Fig. 3). The
mean monthly patterns of salinity offer insights into
time-mean subsurface flows, mirroring the spatial dis-
tribution of oxygen along this same density surface.
Along the s 5 23 surface at around 70-m depth, the
higher salinity of the equatorial Indian Ocean infiltrates
into the Bay of Bengal along its western margin, espe-
cially later in the summer. This increases the mean sa-
linity and its gradients in the eastern BoB by winter, at
which point the mean flow at the southern edge is
southbound again. The meeting of distinct water masses
in the upper 200m of the Bay of Bengal make it an in-
teresting site to study the processes affecting lateral
tracer transport both within and below highly stratified
ocean layers.
b. Measurement of T and S
The 2013 survey used an Oceanscience UCTD
Underway Profiling System (or Underway CTD system,
or UCTD), measuring seawater conductivity, tempera-
ture, and pressure (Ramachandran et al. 2018). The
profiler contains a battery-powered, internally recording
CTD, attached with a long line to a tail spool. During the
long sectionswhile the shipwas underway at;8kt (1kt’
0.51ms21), the UCTD system was deployed in ‘‘free
cast’’ mode. The probe is dropped over the stern and falls
nearly vertically while unwinding line from its tail spool.
On the deck, a winch pays out line to compensate for the
ship’s forward travel. Designed to fall through the water
at approximately 4ms21, the probe’s;60-s fall time was
set to reach a target depth of at least 200m for all casts.
Round-trip time is considerably longer (;10min) due to
winch recovery and line rewinding time.
The 2015 and 2018 surveys used the ‘‘fast’’ conductivity–
temperature–depth (FCTD) system, which was developed
at Scripps Institution of Oceanography to collect rapid,
real-time CTD profiles in the upper 2km of the ocean
(Pinkel et al. 2012). The subsurface package is composed
of a streamlined profiler with a Seabird (SBE) 49CTDand
associated telemetry and control electronics, affixed to a
load-bearing power and signal cable. The profiler is over-
boarded with a ;10-m boom to minimize contamination
from the ship’s wake, and retrieved utilizing a custom de-
signed high speed winch. Winch controls are mainly au-
tomated, although watch-standers on deck and in the
laboratorymonitor the system at all times. Real-timeCTD
and profiler flight dynamics are collected and analyzed
continuously. In the BoB, the FCTD was configured to
collect profiles to 200-m depth while the ship was steaming
at 4kt (2015) and 2kt (2018). Profiler surface-to-surface
round-trip time averaged roughly 3min, providing 300m
(or less) horizontal separation between profiles.
The UCTD and FCTD profiler’s raw measurement of
temperature and conductivity at 16Hz and a fall rate of
approximately 4 and 5ms21 yields between 3 and 4
samples per meter in the vertical. Before gridding in
depth, salinity was calculated by combining the tem-
perature and conductivity profiles with a small temporal
offset based on a lagged correlation for each profile to
eliminate salinity spiking artifacts (Thomson and Emery
2014). A vertically gridded, 1 decibar (approximately
1m) data product was formed by bin averaging, re-
moving outliers with a median filter, and quality con-
trolling each section, with special attention paid to the
small fluctuations in salinity and temperature at depth.
In several of the sections, the salinity-spiking correction
removes abrupt, step-like horizontal changes in salinity
between adjacent sections of profiles.
c. Hydrography of the upper 200m
The upper 200m of the BoB are generally characterized
by a shallow halocline transitioning into a deeper ther-
mocline. Representative example profiles of T, S, and T–S
from each cruise are shown in Fig. 4, along with the ag-
gregated T–S profiles from all sections. This thermohaline
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stratification leads to strong, sharp, and shallow density
stratification, defined as the vertical gradient of buoyancy
[N2[2(g/r0)(›r/›z)].AverageN
2 profiles for each cruise,
as well as the spread of density stratification encountered
along the isopycnal surfacess5 21–26, are shown inFig. 5.
Average peak values of N2 ; 3 3 1023 s22 (buoyancy
frequency N5 0.04 s21) were found at 25-m depth during
August–September 2015, and slightly deeper at 50m dur-
ing both the November–December 2013 and June 2018
surveys.
Stratification drops from a peak value of N2 ; 3 3
1023 s22 in the sharpest pycnocline layers to 1024 s22 at
200-m depth. Buoyancy frequency N is typically 100–
1000 times larger than the local Coriolis frequency f ;
3 3 1025 s21. The s 5 21 and 22 isopycnals are on av-
erage in the layer of maximum stratification forming the
lower boundary of the ML (mean depths approximately
40 and 60m, mean N2 ; 1 3 1023 s22). In 2018 the s 5
22 isopycnal was always below the peak stratification,
while in 2013 and 2015 it sometimes had stronger strat-
ification than the s5 21 isopycnal above it. The s5 23,
24, 25, and 26 isopycnals are always in the interior pyc-
nocline layers (mean depths are 70, 100, 130, and 180m,
respectively, mean N2 ; 0.1–0.5 3 1023 s22).
While at 200-m depth there is very little T–S spread
across the three different seasons and years, there is
considerable along-isopycnal T–S spread at intermedi-
ate depths between approximately 50–100m, in between
the s 5 22 and 24 isopycnals. The 2013 survey, which
had the largest geographic range, also had the largest
range in T–S variability along subsurface isopycnals
denser thans5 22,measuring both the saltiest (warmest)
and freshest (coldest) waters compared to water of the
same density sampled in the smaller 2015 and 2018 sur-
veys. The smallest T–S variability was measured during
the 2018 cruise, in which shorter ship tracks were sam-
pled. The surface values show consistent differences be-
tween the different seasons. The warmest surface waters
were seen in the early summer, the freshest in the later
summer monsoon season, and the coldest in the winter
season. Most surface mixed layer densities were lighter
than s 5 21, and no surface waters denser than s 5 22
were encountered.
Water mass anomalies are defined as anomalies of
Absolute Salinity SA (or Conservative Temperature Q)
(referred to hereafter as S and T, respectively) from the
average S (or T) value along isopycnals calculated from
all cruises. The salinity anomaliesDS, scaled by the haline
FIG. 4. TheBay of Bengal’s upper ocean is characterized by a shallow sharp halocline above a deeper thermocline
creating strong density stratification, and a subsurface layer of enhanced water mass variability. (a) Example
profiles of Absolute Salinity (solid) and Conservative Temperature (dashed) from each cruise: June 2018 (red),
August–September 2015 (green), November–December 2013 (blue). The vertical resolution of profiles is at least
1m. (b) CorrespondingT–S profiles. Thin curved contours show potential density referenced to the surface. (c) Plot
of T–S profiles measured on all 3 cruises. Circles mark surface mixed layer values. The dashed black-and-white line
is a smoothed median T–S profile from all cruises, used as the reference for calculating along-isopycnal spice (spicy
and minty).
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contraction coefficient b, are equivalent to the tem-
perature anomalies DT, scaled by the thermal expan-
sion coefficient a, since by definition the anomalies
must compensate each other’s effect on density. The two
components summed together, or equivalently, individu-
ally multiplied by two, define water mass or ‘‘spice’’
anomalies (Munk 1981). As long as there is a spread in
T–S values at the same density, water mass variability can
be used as a passive tracer of seawater, since buoyancy
gradients and dynamics are not affected by the particular
values of T and S, but only their combined effect on
density. Thoughmodified at the surface by input (and loss)
of freshwater and heat, once subducted beneath theML, a
water parcel’s T–S properties are conserved as it is stirred
on isopycnals, and changed only by interior mixing.Water
mass variance forced at large scales cascades to smaller
scales and is ultimately dissipated at the 3D turbulence
scale. Furthermore, since we measure the lateral water
mass gradients along isopycnals, the signal is unaffected by
the heave and vertical strain caused by internal waves.
4. Spectral analysis methods
The vertical profiles of temperature and salinity were
processed as follows to compute horizontal wavenumber
spectra of water mass anomalies along density surfaces.
Profiles of T and S were vertically interpolated onto an
evenly spaced density profile with 0.1kgm23 increments,
effectively producing measurements of spice along iso-
pycnal surfaces for each section. The longest section from
each cruise is plotted in Fig. 6, showing isopycnal spice
anomalies. Since S, T, and spice anomalies along iso-
pycnals are proportional to one another, we need use only
one to calculate statistics. We use S to be consistent with
some of the previous literature (Kunze et al. 2015; Cole
and Rudnick 2012). For each section that was approx-
imately straight and longer than 100 km (all spice
sections shown in Fig. S2), salinity anomalies along
each isopycnal were horizontally linearly interpolated
onto a regularly spaced distance grid with spacing
smaller than the average profile spacing (2018: 100m,
2015: 300m, 2013: 3 km). Salinity along isopycnals s5
22 and 25 are shown in Fig. 7.
Spectra are calculated along each isopycnal using a fast
Fourier transform (FFT) of detrended and Hanning-
windowed segments. The Fourier coefficients are aver-
aged over neighboring isopycnals less than 6 0.5kgm23
removed from the target isopycnals of s5 21, 22, . . . , 26,
and further averaged in 10 logarithmically spaced wave-
number bins per decade [k in cycles per kilometer
(cpkm)]. For clarity of presentation, and to facilitate the
visual differentiation between negative slopes, the plot-
ted variance spectraP (k) are whitened bymultiplying by
4p2k2, producing gradient spectra G (k). These steps are
shown in Fig. S3 for the s 5 22 and 25 isopycnals along
the longest section from 2015 shown earlier.
FIG. 5. Solid lines show the mean density stratification profiles: (a) November–December 2013, (b) August–September 2015, and
(c) June 2018. To preserve the sharpness of the typical individual stratification profile, the average is calculated by first vertically shifting all
individual profiles, such that their peaks align at the average depth of maximum stratification [average density level of peak N2: 21.9
(2013), 20.7 (2015), 21.1 (2018)]. Shaded boxes show the distribution of depth and stratification at the isopycnal levels s5 21–26 (yellow to
blue) during the three hydrographic surveys. The darker box covers the interquartile range of values, the lighter box covers the 10th–90th
percentile of values. Similarly shown is the range of depth of the mixed layer (magenta).
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Following the procedure described in appendix A of
Klymak et al. (2015), we have also applied a correction
for variance lost at high wavenumbers due to finite
sampling and horizontal gridding. The correction was
determined empirically by making synthetic spatial se-
ries of a k22 (k0) red-noise process, applying exactly
the same nonuniform sampling as the profile spacing
from the sections, interpolating onto a regular grid, and
FIG. 6. Density vs distance sections of spice from cruises in the Bay of Bengal in (a) 2013,
(b) 2015, and (c) 2018. Note the different horizontal scales. Spice (red5warm and salty, blue5
cold and fresh) is defined as aDT 1 bDS, the along-isopycnal density-compensated T–S
anomaly from the reference TS profile shown in Fig. 4c. Note that below the s 5 24 isopycnal
(dotted line), the color values have been enhanced by a factor of up to 10, as indicated in the
color bar, to show the spice anomalies at depth that are an order of magnitude smaller than the
shallower anomalies. Blue dashed line marks the density of maximum stratification N2. On
the right vertical axis are marked the isopycnal levels with average depths of 50, 100, 150,
and 200m.
FIG. 7. Salinity (relative values, vertically offset) along all sections on (a) s 5 22 and (b),(c) s 5 25 isopycnals. All sections longer than
100 km (labeled A–F, shown in Fig. S2) from the 2018 (red), 2015 (green), and 2013 (blue) cruises. The vertical scale of (c) is reduced by a
factor of 5 to show the weaker salinity fluctuations along this deeper isopycnal.
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calculating spectral estimates as described above. These
estimates were then compared to spectra calculated
from the full-resolution synthetic spatial series. The roll-
off is consistent with the empirical transfer function
sinc2(Dx) with Dx equal to the 0.67 times the mean
separation between casts for each section. The correc-
tion is perhaps an overestimate for the shallower iso-
pycnals, since it assumes an underlying red-noise k22
(k0) signal, whereas the observations at the fully re-
solved wavenumbers reveal an even steeper spectral
fall-off of k23 (k21). Pseudocode of the spectral analysis
and roll-off correction method are provided in the sup-
plemental material.
For the 2013 large-scale survey cruise, with one section
over 1000km and three sections between 600 and 700km
long, and an average UCTD profile spacing of 3km, the
spectral estimate is confined betweenwavelengths of;600
and ;10km. For the 2015 cruise with the longest section
over 400km long, but the other sections between 100 and
200km long, and an average FCTD profile spacing of
0.3km, the spectral estimate is confined between wave-
lengths of ;100 and ;1km. In contrast, during the 2018
cruise, the sections were sampled much more slowly, with
;1ms21 (2kt) ship speeds, still at least double the speed
of currents below the ML, though of the same order of
magnitude. Our sampling speed is;3 times faster than the
‘‘slow’’ sampling tested in Rudnick and Cole (2011), which
confirmed that spectral estimates fromdata collected along
isopycnals with a slowly moving platform, such as a glider,
are reliable with regards to internal wave aliasing prob-
lems, but might be affected by a ‘‘Doppler smearing’’ of
features in wavenumber space. Since thermohaline fea-
tures in the ocean are not frozen, butmove during the time
it takes a ship to sample them, there is an uncertainty in the
true distance between sampled horizontal features. Given
themean current and shearmagnitudes relative to the ship
speed, measured lengths of features of O(1–10) km scales
are estimated to differ from actual lengths at most by a
factor of 2. This is treated as an uncertainty in wave-
number, but is relatively small given the logarithmic range
of scales. Given the slower sampling, the spectral estimate
from the 2018 data is confined between wavelengths of
;30 and;1km.The spectral slopes from the 2018 data are
generally consistent with the spectral slopes in the same
wavenumber range from the 2015 data, which were sam-
pled at faster ship speeds.
The individual spectra for each section, along each of the
6 isopycnal levels (s5 21–26) are shown in Fig. 8.While at
some isopycnal levels (s 5 23 and 24) there is much var-
iation between the spectra of individual sections (both
between andwithin each of the 3 years), at isopycnal levels
s5 22 and 26 the spectra are consistent across all sections.
At these isopycnal levels the spectra from the three
separate cruises are consistent with each other at over-
lapping scales, even though the three hydrographic surveys
sampled different seasons in different years. They cover a
1–100-km range of horizontal wavenumbers, with the 2013
data resolving long wavelengths (circa 10–100km), the
2018 data resolving short wavelengths (1–10km), and the
2015 data resolving the entire range (1–100km). There are
some differences in variance levels between the years, but
the three datasets show the same general depth-dependent
trends of decreasing variance levels and shallower spectral
slopes with increasing depth. Given the large spread of
spectral estimates among the 14 sections plotted, we only
show confidence bounds for the combined mean spectral
estimates calculated below.
For each tracer variance spectra corresponding to
individual tracer sections in Fig. 8, power law slopes are
estimated by a linear fit in log–log space over two scale
ranges, from 10 to 100km (2013 and 2015 data) and from
1 to 10km (2015 and 2018 data). The individual slope
estimates, the mean for each scale range, and the stan-
dard deviations are shown in Fig. 9. The uncertainty in
slopes is dominated by the spread between sections, and
not by the much smaller uncertainty in estimating the
slope from each individual spectral estimate.
As an additional step, we calculate a mean spectral es-
timate for the entire BoB dataset along six density sur-
faces, combining the individual spectra from 2013, 2015,
and 2018. To combine the individual spectra, they were
first normalized by their variance levels at thewavenumber
where they overlap (0.1 cpkm), then wavenumber-bin
averaged with a weight proportional to the length of the
corresponding sections, and thenmultiplied by the average
of their variance levels at 0.1 cpkm. These spectral esti-
mates reflect a variance weighted average, based on
measurements made along 14 sections that cumulatively
span 4864km of survey track, equivalent to ;50 inde-
pendent segments of 100-km length each.Given the spread
in spectral slopes at some of the isopycnal levels, if the
individual spectra sampled different physical regimes, the
slope of the mean spectra are not necessarily an accurate
representation of the true tracer distributions. This might
be the case especially for intermediate-depth isopycnal
levels (s 5 23 and 24); however, the individual spectral
slopes at shallower and deeper isopycnal levels (s 5 22
and 26), at scales of 1–10km, are much more consistent
with each other.
For these combined spectral estimates (Fig. 10), esti-
mates of 90% confidence bounds are calculated with a
chi-squared distribution following Klymak et al. (2015).
Degrees of freedom are equal to the number of indepen-
dent spectral estimates within each wavenumber bin. This
is estimated as twice the number of squared Fourier co-
efficients that are averaged (by averaging over different
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segments and over adjacent wavenumber bands) to form
the estimate within eachwavenumber band, reduced by an
ad hoc factor (3) to be conservative. The sum accounts for
coefficients fromFFTs for all (9) isopycnal layers near each
target isopycnal, but reduces this by an ad hoc factor (lin-
early increasing from 2 at the highest wavenumbers to 4
at the lowest wavenumbers) to account for the vertical
correlation of anomalies between neighboring isopycnal
layers. The wavenumber dependence of the factor is cho-
sen in approximation of the results of Klymak et al. (2015),
who found a scale-dependent vertical correlation. A visual
inspection of salinity anomalies along neighboring iso-
pycnals (Fig. S3) supports this approach, as large-scale
anomalies seem more correlated than small-scale anoma-
lies between nearby isopycnals. Furthermore, the signals
of interest in the spectra, such as clear changes of slope,
are much larger than the uncertainty estimate.
5. Results: Tracer spectra
The tracer spectra from the three expeditions offer a
robust estimate of the variance distribution ranging from
O(100) to O(1) km in the upper pycnocline of the BoB.
Both the variance levels and the spectral slopes of variance
distributions are depth dependent, with generally deeper
isopycnals containing less variance and less red spectral
variance slopes compared to shallower isopycnals. The
salinity variance along isopycnals shallower than 100m is
most strongly elevated at scales of 10–100km, where the
variance is two orders of magnitude greater than the var-
iance along the deepest isopycnal at about 180m.
However, on the shallower isopycnals (,100m), the
elevated variance falls off steeply below 10-km scales,
with spectra along the s 5 22 isopycnals exhibiting
power laws P (k); k22.960.2 [G (k); k20.960.2] (Fig. 9).
The O(10) km scale at which this change in spectral
slope occurs coincides with the local Rossby radius of
deformation in the surface mixed layer NHML/f (Callies
et al. 2016), where we estimateN; 0.01 s21 andHML ;
30–50m from the mean stratification profiles in Fig. 5.
Coriolis frequency f ranges from 1 3 1025 to 5 3
1025 s21 depending on the latitude of the cruise track.
The steepening of the spectrum at scales smaller than
circa 10km (scales resolved in 2015 and 2018) is seen
FIG. 8. Individual spectral estimates, frequency-bin averaged, along all sections longer than 100 km (particular letter labels refer to Fig. S2)
during all cruises (red 5 2018, green 5 2015, blue 5 2013), along the same isopycnals (s 5 21–26).
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consistently along the s5 22 isopycnals, as well as along
the s 5 21 and 23 isopycnals for many sections, and
along the s 5 24 isopycnal along a few sections (Fig. 8).
During the 2015 cruise the s 5 21 and 22 isopycnals
occasionally outcropped into the ML or into the weakly
stratified layers in between the peak stratification depth
and the ML base, yet the spectral steepening is also
present along isopycnals that always remained at depths
below the peak stratification, such as the s 5 22 iso-
pycnal in 2018 and the s 5 23 isopycnal in 2015 (Fig. 5).
Salinity variance is in general highest along the shal-
lowest isopycnal that is located within or just below the
peak stratification. Salinity variance is reduced in some
of the sections along the shallowest isopycnal (s 5 21),
when it is located in weakly stratified layers above the
peak stratification, such as during some of the 2013 and
2015 sections. This indicates that these weakly stratified
layers are remnant mixed layers containing signatures of
surface boundary forcing and variance dissipation.
A qualitative assessment by eye of the spice anomaly
or salinity variance on isopycnals (Fig. 6 or Fig. 7) is
consistent with the spectra that are calculated. For
example, the salinity along the shallower isopycnals in
the 100-km-long transects of the 2018 data has smaller-
scale fluctuations of lesser magnitude than the large-
scale variability seen in the longer sections from 2013
(i.e., a red gradient spectrum). Last, to complement the
spectral analysis, the isopycnal salinity measurements
were also analyzed using a wavelet decomposition. The
results again show the same scale dependence of
variance, with a lack of variance at 1–10-km scales
relative to 10–100-km scales along the shallower iso-
pycnals (Fig. S4).
6. Discussion
The observations of T, S, or spice variability analyzed
in this study along isopycnals, are in some cases, asso-
ciated with thermohaline intrusions or inversions in T or
S (Ruddick and Kerr 2003). In Jaeger et al. (2019) we
analyze the layers in spice that cross isopycnal surfaces
and explain their formation. Our analysis suggests that
double diffusion does not play a significant role in the
formation of these layers, but frontal instabilities can
FIG. 9. Individual spectral slope estimates of all spectra in Fig. 8 for isopycnals s 5 21–26. The crosses (blue 5
2013, green5 2015)mark the spectral slope between scales ofO(10–100) km, the circles (green5 2015, red5 2018)
between scales of O(1–10) km. The black lines mark the average slope over these two scale ranges, and shaded in
gray is the standard deviation.
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generate intrusions or layering (Woods et al. 1986).
Other types of dynamical instabilities could also create
different sorts of lateral stirring environments at various
depths, as described in Hua et al. (2013).
This study presents a robust set of passive tracer
spectra from the relatively sparsely sampled Indian
Ocean (Fig. 11), finding depth-dependent and scale-
dependent spectral slopes that are in part inconsistent
with current theories of tracer stirring by ocean currents.
We compare our results with the few other published
studies of tracer spectra in the world oceans and discuss
differences in environments and the potential role of
submesoscale ocean dynamics that could explain the
differences in the tracer spectra.
a. Contextualizing the Bay of Bengal study
There have been several studies in the Pacific and two
in the Atlantic Ocean of the statistics of spatial distri-
butions of spice, or compensated salinity or temperature
anomalies along an isopycnal. We briefly summarize
them here, and compare linear fits of their spectral
slopes with our observations in Fig. 10.
Analysis of observations from the towed instruments
in the ‘‘Spice’’ expedition (Callies and Ferrari 2013) and
from repeated glider sections (Cole and Rudnick 2012)
in the subtropical North Pacific at depths between 100
and 800m, consistently found isopycnal tracer spectra
with k22 (k0) behavior at ;10–100-km-scale wave-
lengths (Fig. 10). This depth-independent power law is
inconsistent with both interior QG theory that predicts
spectra to follow k21 (k11), as well as surface-QGmodes
that would predict steeper spectra below the surface.
Another recent analysis (Klymak et al. 2015) of profiler
observations in the Gulf of Alaska (Line P) and undu-
lating towed measurements in the subtropical Northern
Pacific [Internal Waves Across the Pacific (IWAP)] also
found tracer spectra between 10- and 100-km scales to be
inconsistent with QG/SQG theory. They instead found
power laws usually between k21.5 (k0.5) and k21.7 (k20.3),
and reddening toward k22 (k0) along the deepest iso-
pycnals at around 150m along Line P. While finding less
red spectra than the previous studies, the observed red-
dening with depth trend is exactly opposite to the ex-
pected decay of SGQmodes and increasing dominance of
interior-QG modes with increasing depth.
Awavelet analysis of glider data [CaliforniaUnderwater
Glider Network (CUGN)] from the upper 500m of the
California Current System, resolving spectra over the
narrow wavelength range of 12–60km, found a change in
slope with scale in their isopycnal salinity gradient spectra
(Itoh and Rudnick 2017). On average, across the seasons
and inshore/offshore regions, they estimate a k21 (k11)
slope in their ‘‘mesoscale’’ lower half range, and a k22 (k0)
slope in their ‘‘submesoscale’’ upper half range. They
interpret the flat part of the spectrum, at scales smaller
than the baroclinic Rossby radius, as the signature of
sharp fronts.
A recent study (McCaffrey et al. 2015) applied a novel
technique to the global Argo profile dataset, calculating
salinity structure functions from scattered profiles in-
stead of spectra along transects. They found equivalent
isopycnal tracer spectra power laws of k21.7 (k0.3) be-
tween 10- and 100-km scales, but with little dependence
on depth in the upper 2000m. Their results are broadly
consistent with the other mesoscale studies. The same
structure function technique was also applied to a glider
dataset from the open ocean in the northeast Atlantic
[Ocean SurfaceMixing, Ocean Submesoscale Interaction
Study (OSMOSIS); Erickson et al. 2020]. They found
little vertical variation in structure function slopes of
passive tracers, with slopes equivalent to spectra power
laws of k21.5 (k0.5). However their results suggest signif-
icant transfer of submesoscale variability between the
FIG. 10. Comparison of horizontal wavenumber variance spectra
for salinity anomalies along isopycnals at different mean depths,
from the Bay of Bengal (shaded areas represent confidence bound
estimates as described in text). Thin straight lines depict spectra
from other published studies: the CUGN project in the California
Current System (Itoh andRudnick 2017), the LatMix project in the
Atlantic’s Sargasso Sea (Kunze et al. 2015) and the NATRE
project in the subtropical Atlantic (Ferrari and Polzin 2005), the
Line P and IWAP cruises (Klymak et al. 2015), the Spice dataset
(Callies and Ferrari 2013), and data from gliders (Cole and
Rudnick 2012) in the subtropical and northern Pacific. Lines are
graphical best fits of the slopes, converted to salinity anomaly
spectra in wavenumber k (cycles per kilometer) multiplied by
4p2k2. Dotted gray lines mark the whitened slopes of variance
spectra P (k); km with power laws ofm521 (QG stirring),25/3
(SQG/Obukhov–Corrsin), 22 (frontogenesis), and the observed
decay of 23 of the shallow BoB spectra below O(10) km.
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surface ML and the interior occurs throughout the year,
raising the importance of motions that stir at sub-
mesoscales in the interior.
In the subtropical Atlantic Ocean, the North Atlantic
Tracer Release Experiment (NATRE) study (Ferrari
and Polzin 2005) calculated structure functions from
T–S observations between 900- and 1200-mdepth, finding
equivalent isopycnal tracer spectra power laws of k21.2
(k0.8) between 2- and 100-km scales. Extending to smaller
scales, the Lateral Mixing Directed Research Initiative
(LatMix) study (Kunze et al. 2015) in theNorthAtlantic’s
Sargasso Sea found tracer spectral slopes again approxi-
mately equal to k22 (k0) over wavelengths ranging from
10 to 0.03km in the seasonal pycnocline between 20- and
60-m depth. However, measurements along a larger sur-
vey track [referred to as the Moving Vessel Profiler
(MVP) and Triaxus surveys] that resolved wavelengths
between 10 and 1km, found very red spectra estimated to
lie between k23 (k21) and k22.5 (k20.5) in the 5–1.4-km
wavelength band. Spanning less than a decade of wave-
numbers, this estimate was deemed less robust than the
main results of the study.
In summary, five of the six published studies found
tracer gradient spectra with power laws close to k22 (k0),
inconsistent with QG predictions, but consistent with
ageostrophic frontogenesis theory. The power law slopes
were generally also independent of depth, or in some
cases became less red toward shallower depths, in con-
trast to the SQG or surface-frontogenesis predictions of
redder slopes near the surface. An exception is reported,
albeit without stating a degree of confidence, in the
LatMix dataset, which found a red gradient spectral slope
between 5- and 1.4-km wavelengths, with the same k23
(k21) power law that we report along shallow isopycnals
in the BoB. Perhaps it is notable that both the BoB and
the LatMix studies are in regions with elevated fronto-
genetic potential at the surface due to an energetic me-
soscale, compared to the studies from the subtropical and
northern Pacific. The BoB has a seasonal western bound-
ary current that stands out in the climatological eddy ki-
netic energy (EKE) map (Fig. 11), with elevated EKE in
the central BoB as well. The present study is also at lower
latitudes (58–188N) than all the above cited studies of
along-isopycnal tracer spectra (all located between
238 and 508N). The present region’s smaller Coriolis
parameter leads to longer inertial periods and larger
deformation scales.
One potential reason that the reddening of the spec-
tral slopes reported here was not seen in previous studies
could be that this is one of the few (if only) studies that
measured lateral variations in temperature and salinity
in the stratified region below the surface mixed layer
at such fine horizontal resolution, and over such long
distances and short time periods. The combination of
vertical and horizontal resolution over vast distances
helped to generate robust statistics. Furthermore, the
large-scale contrast in spice along isopycnals provides a
source for the spice variance in the BoB. The intense
density stratification inhibits vertical mixing and pre-
serves the signals of horizontal stirring. The possibility
remains that the Bay of Bengal has unique mixing
characteristics, at least compared to the oceanic settings
of previous observations of spice distributions.
b. Interpreting Bay of Bengal spectra
The classical interpretation of wavenumber spectra
of a passive tracer in the ocean interior assumes an
injection (source) of tracer variance at large scales
FIG. 11. Global map of eddy kinetic energy 5 1/2(u02 1 y02) based on daily 0.258 fields from
the Global Ocean Gridded SSALTO/DUACS Sea Surface Height L4 product averaged from
2013 to 2017. Colored lines and stars show the location of studies reporting along-isopycnal
salinity or temperature spectra, shown in Fig. 10. Note that only theLatMix study in thewestern
Atlantic (blue star) was located in a similarly energetic region as the Bay of Bengal (black line).
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(small wavenumbers), a downscale cascade, and a sink
of variance at small scales (large wavenumbers). If the
statistics averaged over a large enough region are
stationary, the variance level at any particular scale in
between the forcing and the dissipative scales, de-
pends on how efficiently gradients are strained into
smaller features by the two-dimensional turbulence,
and the dissipation rate of tracer variance through
three-dimensional turbulent mixing. Tracer gradients
in the interior can also retain signals from external
forcing such as air–sea fluxes acting on the surface
ML that are then restratified and entrained into the in-
terior. Destruction of variance only occurs at the scale of
three-dimensional isotropic turbulent mixing, which can
act only on gradients at that scale. Within this frame-
work, the slopes of isopycnal salinity spectra in the up-
per 200m of the BoB at scales between 1 and 100km
tell a depth-dependent story with three parts.
First, at depths of 150–200m (s 5 26), the tracer
variance level decays with increasing wavenumber
following an approximately k21.760.3 (k0.360.3) power
law (Figs. 8f and 9f). This is in agreement with theories
of stratified turbulence, which predict tracer variance
distributions follow the Obukhov–Corrsin spectrum
P (k)5Cx«21/3k25/3, where x is the turbulent temper-
ature flux rate or dissipation rate, « the turbulent en-
ergy dissipation rate, and C ’ 0.5 is an empirical
constant (Brethouwer and Lindborg 2008). Fitting the
theoretical spectrum to observed variance levels, and
assuming « is between 10210 and 1028Wkg21, the
temperature variance flux rate x is predicted to be
between 10210 and 1029Wkg21. The observed spec-
tral slope is also in agreement with predictions for
tracer spectra stirred by two-dimensional geostrophic
turbulence in an inverse energy cascade range above
the stirring scale (Vallis 2017). However, it is unlikely
that the dominant stirring at these depths is by mo-
tions or eddies of O(1) km or smaller; instead the
deeper currents are due to the mesoscale eddy field.
The slope is also in agreement with SQG predictions,
which would necessitate surface modes to penetrate
150–200m to the s 5 26 isopycnal layer, even though
this depth is clearly below the peak pycnocline and
insulated from surface boundary forcing. Estimating
the penetration depth H by ( f/N)L ; (3 3 1023/0.02)L,
10-km-wide eddies would penetrate only 20m, while
100-km eddies do reach 200m.
Next, at shallow depths of around 40–70m (s5 22),
the spectra also show an approximately k21.760.6
(k0.360.6) power law above O(10) km scales, but an
unexpected finding is that they consistently steepen to
k22.960.2 (k20.960.2) at scales smaller than O(10) km
(Figs. 8b and 9b). The s 5 22 isopycnal surface is
found both within and just beneath the depth of
strongest stratification (Fig. 5). This change in slope at
O(10) km scales suggests a change in dominant dy-
namics around the ML Rossby deformation radius
(;NHML/f ).
Finally, at intermediate depths of around 60–150m
(s 5 23–25), tracer variance spectra do not have
a consistent slope between all 14 sections, but in-
stead show a range of power slopes in between k21 and
k23 (gradient spectral slopes between k11 and k21)
(Figs. 8c–e and 9c–e). Some spectra at s 5 23 and 24,
isopycnals located always within the pycnocline, show
similarly steep slopes as the spectra at s5 22. Spectral
analysis does not identify what process is responsible
for the steeper fall-off in tracer variance at scales
below O(10) km and at stratified depths of up to
100m, or 3–4 times the ML depth.
The average of all spectra below O(10) km scales
has a power law slope of approximately k22.0 (k0.0),
inconsistent with interior QG, somewhat less incon-
sistent with SQG or stratified turbulence predic-
tions under idealized conditions, but consistent with
other observational studies. It potentially indicates that
mesoscale frontogenesis and ageostrophic dynamics cas-
cade variance more rapidly than predicted by QG dy-
namics in the pycnocline (Klein et al. 1998). The on
average redder slopes at these intermediate depths rel-
ative to the deeper (s 5 26) average spectrum is con-
sistent with the notion that more small-scale stirring and
straining increases the rate of downscale variance flux
more at smaller scales along the tracer cascade, steep-
ening the spectrum, and that ageostrophic small-scale
motions attenuate over a shallower depth than geo-
strophic mesoscale currents.
However, the average of these spectra is not nec-
essarily an appropriate measure if two distinct physi-
cal regimes are leading to two distinct tracer variance
distributions, forming an approximately k23 power
law spectrum at depths above about 70m, and an ap-
proximately k21 spectrum below 150-m depths. While
the literature regularly compares spectral observa-
tions with theory, the agreement or disagreement of
tracer spectral slopes with theoretical predictions
should be interpreted carefully. Predictions are made
using idealized assumptions, such as homogeneity and
scale separation, which allows an inertial range to
form. These idealized conditions are unlikely to ade-
quately represent the real conditions in the BoB,
where for example kinetic energy might be input at
various scales by ML instabilities and atmospheric
forcing. More significant than observations of partic-
ular slopes are changes in spectral slopes, at particular
scales, or between particular depths, indicating a
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change in the dynamics of the variance cascade. The
observed steepening of the tracer variance spectra
around scales of 10 km indicates a change in the rate-
limiting process that transfers variance downscale.
c. Potential explanations
Might the unusual spectral slope of tracer variance
observed along the shallower isopycnals simply be the
signature of water mass anomalies subducted or injected
into the interior from the surface ML? This explanation
by itself seems unlikely, since we observe not an excess,
but a lack, of variance at smaller scales. Such reduced
levels of variance at relatively smaller O(1) km scales
should be temporary, given the relative excess of vari-
ance present at largerO(10–100) km scales that could be
cascaded downscale. We expect a downscale tracer
variance cascade, whether described by QG or ageo-
strophic theory, to transfer variance across scales (from
large to smaller spatial scales), within the time scale of
the background mesoscale stirring and straining, which
is of O(10) days, given the mean EKE in the BoB of
O(0.1)m2 s22 and mesoscale eddies ofO(100) km scale.
Yet low oxygen levels (Fig. 2b) at the s 5 23 isopycnal,
which never outcropped in the BoB observations, sug-
gest that water mass anomalies within this layer have
residence time scales below the surfaceML considerably
longer than the time scale of stirring. Thus, if the deficit
of 1-km-scale tracer variance along the s5 23 isopycnal
is a remnant signature of mixing in the surface ML prior
to water mass subduction, the small-scale variance
should be replenished by a downscale variance cascade
in the time since the water layer was last ventilated.
The fact that small-scale variance is ‘‘missing,’’ in
layers that have been insulated from surface-forced
mixing for a relatively long time, calls for a different
explanation.
We are left with two categories of potential expla-
nations, schematically represented in Fig. 12, and
further discussed below. The observed steepening of
tracer spectra below 10 km is either caused by (mix-
ing) processes actively decreasing variance at scales
below 10 km, or by a suppression in the downscale
spectral flux of variance below 10-km scales.
1) ENHANCED HORIZONTAL MIXING AT SCALES
BELOW 10KM
We propose two candidates for adding effective
mixing, which are not mutually exclusive, and could
enhance tracer variance diffusion within the pycno-
cline and explain the steep decay of variance below
O(10) km. One is submesoscale frontal instabilities
and associated submesoscale circulations that pene-
trate below the ML (input of energy, not necessarily
water mass, into the stratified interior), while another
is shear dispersion powered by near-inertial generated
waves (NIW) with very small vertical wavelengths in
the strongly stratified pycnocline. Both explanations
would need to produce spice patterns with large as-
pect ratios (long and thin), such that turbulent vertical
mixing effectively removes variance at submesoscales
(Smith and Ferrari 2009).
Submesoscale instabilities convert the potential en-
ergy of lateral buoyancy gradients (usually but not
exclusively in the ML) into kinetic energy, and through
interactions with themesoscale strain field, can transfer
energy from the mesoscale to submesoscale and dis-
sipative scales (McWilliams 2016). The surface ML
of the BoB is characterized by strong density fronts
with buoyancy gradients at least one order of magni-
tude stronger at scales of O(1) km compared to the
mesoscale buoyancy gradients at scales O(10–100)km
(Fig. 13). This ratio is calculated by comparing the
largest magnitudes (1 and 0.1 percentile) of density
FIG. 12. Representation of the observed change in spectral
slope of spice variance P (k) (whitened) along the shallower
isopycnals in the BoB, idealized from Fig. 10. Given the variance
present at scales O(10) km, we expect at least the same (whit-
ened) variance level to be seen at smaller scales (dotted line),
given any of the theories of two-dimensional stirring in a statis-
tical steady state. Two potential explanations are suggested for
the increasing deficit of tracer variance below 10-km scales.
Either (a) the O(1) km horizontal variance is destroyed by ver-
tical mixing that is effectively felt at this horizontal scale, which is
much larger than the three-dimensional isotropic mixing scale.
Potential candidates are shear dispersion or submesoscale insta-
bilities. Or (b) the downscale cascade of variance from larger
scales is inhibited beyond ;10-km scales in the Bay of Bengal. A
potential reason could be coherence between spice anomalies and
dynamic anomalies, such that spice spectral distributions do not
reflect stirring by homogeneous macroturbulence of an inde-
pendent, stochastically distributed tracer, but rather the distri-
bution of a dynamically relevant property.
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gradients in spatial transects smoothed by low-pass
filters (third-order Butterworth) with cutoff wavenumbers
ranging from equivalent wavelengths of 0.5–50 km.
Signatures of submesoscale frontal processes atO(1–10) km
scales have been observed in the BoB (Ramachandran
et al. 2018). ML eddies generated from baroclinic in-
stabilities can also penetrate below the ML into the
pycnocline, stirring water masses along isopycnals
(Badin et al. 2011) and enhancing the effective lateral
diffusivity at submesoscales.
The observed tracer variance fall-off below 10-km
scales along isopycnals that lie just beneath the ML,
could be caused by enhanced stirring by submesoscale
instabilities that are active within the mixed layer,
powered by strong freshwater-controlled potential
energy gradients or other sources of flow instabilities.
The extra submesoscale stirring needs to act only at
scales smaller thanO(10) km, reducing variance in the
O(1) km band. The energy input by such submesoscale
instabilities would invalidate the assumption of an in-
ertial range by the theoretical slope predictions, and
complicate interpretations of spectral slopes as related
to rates of variance transfer.
The spectral fall-off could potentially also be due to
shear dispersion enhancing effective along-isopycnal
diffusivity. Internal-wave shear dispersion allows weak
turbulent mixing at small scales to effectively diffuse
lateral gradients at larger scales muchmore quickly than
expected (Young et al. 1982). A sheared flow, whether
or not reversible, tilts tracer isopleths to enhance the
cross-diapycnal area of a water mass anomaly compared
to its lateral (along-isopycnal) dimension, and amplify
the weak but widespread vertical diffusion Ky into a
much greater lateral diffusionKh; (Vz/f )
2Ky, whereVz
is the average vertical shear magnitude (Shcherbina
et al. 2015).
Observations in the BoB reveal strongly sheared
upper ocean currents dominated by shear layers of
O(10) m thickness, with an average vertical shear of
magnitude 0.01 s21 (Lucas et al. 2016; Shroyer et al.
2019). Given the small average Coriolis parameter in
the BoB of f 5 3 3 1025 s21, the effective isopycnal
diffusivity is enhanced by a factor of 105 over the dia-
pycnal diffusivity. However, observations in the BoB
show weak turbulence below the ML, with median
values of the diapycnal diffusivity Ky 5 10
26m2 s21 in
the pycnocline, interspersed with sporadic elevated
values of up to 1023m2 s21 in the upper 50m (Shroyer
et al. 2016; Lucas et al. 2016). Thus the average effec-
tive lateral diffusivity is estimated to be O(0.1)m2 s21
below 50-m depth, similar to other estimates, yet an
order of magnitude smaller than what was estimated
from dye-release experiments in the coastal ocean
south of Martha’s Vineyard (Sundermeyer and Ledwell
2001) and in the Sargasso Sea (Shcherbina et al. 2015).
However, within the top of the shallow pycnocline, right
below the ML, vertical diffusivities of Ky 5 10
25m2 s21
do not seem unreasonable, and thus lateral diffusivities
Kh could be enhanced to values of O(1)m
2 s21. In ad-
dition, if enhanced vertical shear is correlated with
intermittent enhanced turbulent mixing (Kunze and
Sundermeyer 2015), effective lateral mixing could in-
termittently be an order of magnitude larger.
If shear dispersion in the BoB is driven by near inertial
waves, which generate oscillatory shear, the spatial
scales over which the effective diffusivity acts is equal to
the spatial scales of the oscillation’s lateral excursions.
This scale is estimated as DzVz(1/f ), where Dz is the
vertical scale of the oscillation. Given a shear of 0.01 s21
across 10-m thick layers, the horizontal scale isO(1) km.
It is thus plausible that on the shallowest isopycnal
surfaces in the top 100m of the BoB, shear dispersion,
acting on lateral gradients of O(1) km scales, enhances
isopycnal diffusivity to O(1–10)m2 s21. This would ef-
fectively reduce tracer variance at submesoscales, and
potentially lead to the steep spectral fall-off, perhaps
aided by the low latitude and high stratification of the
BoB that favor strong NIW shear layers with very thin
vertical extent.
FIG. 13. The Bay of Bengal’s surface mixed layer contains strong
submesoscale density fronts. Magnitudes of buoyancy gradients
j(g/ro)(d/dx)rj are calculated along the horizontal sections longer
than 100 km from the 2015 survey and low-pass filtered (third-order
Butterworth) with increasingly larger cutoff wavelengths. Colored
lines show the top percentiles (0.1%, 1%, 10%, and 50%) of the
buoyancy gradients, showing that the strongest fronts have widths
below O(1) km, and are at least one order of magnitude stronger
than mesoscale gradients.
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2) INHIBITED CASCADE OF COHERENT WATER
MASS ANOMALIES
A reduction in the downscale cascade of tracer vari-
ance from larger scales could also explain the steepened
spectral slope of spice variance below 10-km scales. One
way for this to occur is if the tracer distribution is cor-
related to the flow field in amanner that the eddy stirring
and straining is ineffective at breaking apart the tracer’s
10–100-km scale patterns. For example, the tracer dis-
tribution could be modulated by coherent structures in
the flow, or correlated with potential vorticity (PV)
anomalies formed by past subduction or entrainment
of water masses from the surface or frictional bottom
(lateral) boundary layers. In such a case, the assumption
that macroturbulence is stochastic and homogeneous is
invalid. Both in 2013 and 2015, we encountered meso-
scale eddies with an anomalous fresh cold water mass
visible in the core (Fig. S2), and reported in (Gordon
et al. 2017), while on a smaller scale, submesoscale
subduction was seen to create anomalous stratification
and water mass anomalies at fronts (Ramachandran
et al. 2018). Another possible mechanism correlating
water mass anomalies with PV is cabbeling. If the spice
contrast across a compensatedT–S front is large enough,
isopycnalmixing leads to an increase in density, generating
small-scale vertical mixing (Thomas and Shakespeare
2015). Occurring within strong stratification, this process
would create thin, well-mixed, low-PV regionswith distinct
T–S characteristics. Further investigation into the viability
of this potential PV–spice coherence creation mechanism
is needed.
If the observed steep spectral slope is indeed due to an
inhibited spice variance cascade, then water mass dis-
tributions in the BoB are not a measure of a random
passive tracer being isopycnally stirred, but rather a
tracer that, though strictly passive, is correlated with
dynamical properties and coherent flow structures.
However, even if currents are partially correlated with
water mass anomalies, the propagating mesoscale eddy
flow field would still be expected to encounter uncorre-
lated tracer gradients of O(100) km scales, and strain
these to O(1–10) km scales, thereby replenishing the
missing variance levels along isopycnals in the interior.
7. Concluding remarks
Wepresent a synthesis of along-isopycnal spice variance
measured from three cruises in the Bay of Bengal and find
that along isopycnals in the strongly stratified upper 75m,
the tracer variance spectra are much more steeply sloping
½P (k); k23 in the submesoscale regime than can be
explained by existing theories of two-dimensional
macroturbulence. The lack of spice variance at 1–10-km
scales relative to the variance levels at 10–100-km scales
means that the horizontal gradients between warm–salty
and cold–fresh features are too smooth between 1- and
10-km scales to be consistent with QG or frontogenetic
dynamics. This indicates that in this regime, either hori-
zontal mixing is more effective than expected, or water
mass anomalies are less effectively stirred and strained
into 1-km scale features. The first, more likely, explana-
tion invokes the importance of submesoscale processes
for horizontal mixing, whether they be vortical or wave-
like in nature. Enhanced shear dispersion by NIWs with
very small vertical wavelengths is a promising candidate.
The latter explanation would mean that spice spectral
distributions do not reflect stirring by homogeneous
macroturbulence of an independent, stochastically dis-
tributed tracer, but rather the distribution of a dynami-
cally relevant property.
At depths between 100 and 200m, the flattening of
spectra suggests that tracer stirring dominated by front-
ogenesis ½P (k); k22 transitions toward stirring driven




with depth. These findings differ from similar observa-
tional studies in the Atlantic and Pacific Oceans, which
did not observe the steep tracer spectra in the sub-
mesoscale range, nor the significant flattening of spectra
with increasing isopycnal depth. The results attest to the
strong stratification and separation between processes
stirring the upper 40–70m of the pycnocline, the inter-
mediate layers around 100m, and the more quiescent
interior around 200m.
The results from this study demonstrate that two-
dimensional macroturbulence in the ocean is not yet
completely understood. The lack of 1-km-scale variance
calls attention to the potential role of submesoscale
dynamics and near-inertial waves, or their interactions,
in controlling horizontal mixing in the upper ocean, and
to potential misinterpretations of spice anomalies. A
proper accounting of submesoscale and wavelike oscil-
latory processes is important for the development of
model subgrid parameterizations.
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